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SECTION T

(U) ABSTRACT

(U) The purpose of this research was tc study the thermal
decomposition of the solid oxidizers, INFO-635P, poly FA-BDE,
and BTU. The objective was to obtain knowledge of their decompo-
sition mechanisms and their relationship to the high sensitivity
of these materials.

(U) The degradation of INFO-635P and poly FA-BDE was inves-
tigated chiefly by performing decompositions in the temperature
range, 160°-180°C., under conditions of continuous vacuum, and
low and high pressure of product gases. In addition, the tech-
nigue of mass spéctroscopic thermal analysis (MTA), complemented
by high-resolution mass spectroscopy, was used to study the
decomposition under high vacuum where secondary reactions were
minimized.

(¢) Examination and interpretation of the experimental data
have shown that INFO-635P may decompose, after nucleation, by one
or more of several paths simultaneously. This nmultiplicity of
reaction mechanisms is mainly a result of the sublimation of
INFO-635P, which appears to obey a first order rate law. . This
physical process is presumed to occur after a series of reactions
iIn the solid phase involving proton transfer and desorption from
"the so0lid of the resulting free amine and perchlorlc acid into
the gaseous state.

(C) The products from the gas phase reaction are NoF4, NoFso,
HNF>, HF as SiF., COz, N20 and N>. The solid from such a reac-
tion is.mainly unreacted INFC-635P. The products from the more
rapid solid phase reaction are COz, Nz0, NO, Nz, HF as SiF, and
some NzF>. The residue is an intractable comblnatlon of materials,
one of°which was identified as ammonium perchlorate. There are
at least two more materials, one of which may be a halogenated
organic carbonyl perchlorate, and the other a highly halogenated
polymer.

(c) Desensitization of INFO-535P may be possible; at least
the proton transfer step may be successfully prevented either by
reversing the proton transfer step with the addition of anhydrous
perchloric acid or by removing the proton and maklng the quarternary
methyl ammonium salt, (CHs)sN+C104-.

(C) The experminental results on poly FA-EDE showed that
‘the early gaseous products of decomposition are NoF., NzFz, Nz,
NG, CO, COFz, ENFz, HF and NF3, leaving a residue which becomes
progressively less sensitive as decomposition proceeds. At the
end of the First phase of the decomposition, the "final" product
gas mixture consists of Nz, HF, CO0z, NF3, CF4, and N20 with

1~
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an insensitive and insoluble residue believed to be a highly
crosslinked polymer containing many carbon-fluorine and carbon-
nitrogen bonds. Experimental substantiation is given for the
first step which is cleavage of the carbon-nitrogen bond to form
difluoroamino free radicals. Mechanisms are proposed for the
early degradative steps which explain the formation of the ob-
scrved products. The reason for the exothermicity and high sen-
sitivity of poly FA-BDE is given as due to the formation of HF
from fluorine and RH and possibly to the rapid decomposition orf
an unstable intermediate, perfluorcurea, [0=C(NFz2)2],; which would
decompose to the thermodynamically favored COFz, Nz and Fz. The
experimental results give little hope for the desensitization of
this material.

(C) Experimental work or BIU was limited to purification of
small quantities for several preliminary thermal decomposition
experiments. Mass spectroscopic methods proved to be of no value
on this compound because of its tendency to sublime. Slow thermal
decomposition studies showed that BTU decomposes in the vapor phase
only to yield TRIS-I [ (NF2)sCNCO] as an early product together with
Nz, HF, CFs and NFz.

—o-
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(This Page is Unclassified)
SECTION IT
(U) INTRODUCTION

(U) The purpose of this research has been to obtain new,
basic information on the kinetics and mechanisms cof thermal de-
camposition of the three solid NF-containing oxidizers, INFO-
635P, BTU, and poly FA-BDE. These compounds are sensitive, hence
hazardous materials,and, because of this their utility has been
severely limited. The ultimate objective of this investigation
was to achieve an understanding of this Lkigh sensitivity in
order to better assess the probability of decreasing the sensi-
tivity to an acceptable level.

(U) To accomplish these objectives, two experimental approaches
have been utilized, viz., slow thermal decompositions in a monel
system and mass spectrometric techniques which permitted decomposi-
tion of small samples within 2-3 mm. of the ionizing electron
beam. In the slow thermal decomposition method, the decomposition
gases and residues were sampled and analyzed as a funection of
time and temperature from which the necessary kinetic data were
derived. Mass spectrometric techniques, under very high vacuum,
minimize secondary reactions involving the decomposition gases
and thus have the potential for detecting the first step in the
decomposition process. Throughout this study, the emphasis has
been on the detection of the first step and the determination of

the initial staeges of the thermal decompositions.

_3_
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SECTION III |
(U) BACKGROUND INFORMATION ON THE OXIDIZERS

A. TNPO-635P, (NPFz)aC-O-CH2CHaNHs® €10+~ (C)

(c) INFO-635P is a white crystalline solld first made at
Minnesota Mining and Manufacturing Company (3M) by adding eth-
anolamine perchlorate tc perfluoroguanidine, followed by flu-
orination of the adduct. The heat of formation of this compound
has been evaluated as 113.6 = 10 k.cal./mole (1). :

(U) INFO-635P is a shock and spark sensitive material.
Minnesota Mining has reported a value of 5.5 kg.-cm. for the im-
pact sensitivity of the purified material and Aeroject found it
to be 3 cm. with a 2 kg. weight. Allegany Ballistics Laboratory
compared INFO-635P with niltroglycerin on its impact tester and
obtained 8.6 ecm. for the former and 11-13 cm. for the latter.
The Naval Ordnance Test Station conducted electrostatic sensi-
tivity tests and reported a value of 0.002 joules as compared
with 12.5 joules Ffor HMX.

(U) The density of the pure solid is reported by M to be
1.86 £ 0.06 g./cc. The melting point depends largely upon purity
and is reported as low as 195°C. and as high as 226°C. (2). In
any case, the solid melts with vigorous decomposition leaving a
residue. B

(U) Taliani gas evolution tests (2) on pure samples in-
dicated no decomposition at 60°-70°C. for ten days. AL 80°~90°C.
decomposition began slowly after four days. The impure salt is .
-iless thermally stable, e.g., a sample of 90% purity was not stable
for an extended period at 67°C. : ’

(U). Examination by differential thermal analysis indicated
no apparent decomposition until the temperature reached 150°C.
Rapid decomposition occurred at 182°C. On a hot stage, bubbling
was observed at about 110°C. and continued until a residue re-
mained at 210°C. (3). The pure salt was found tc be incompatible
with compounds containing hydroxyl or amino groups and with nitrate
esters.. It appeared compatible with hydrocarbons such as heptane
and cyclohexane and acids such as acetlc. ’

(C) The slow thermal decomposition was studied in agueous
base and acid (4). The study showed that the free amine of INFO-
635P decomposed rapidly at room temperature by forming a three-
membered intermediate involving the amino group, resulting ul-
timately in ethylenimine. There appeared to be little doubt that
NF»> radicals were produced, and it was postulated that their for-
mation was the initial step, followed by cyclization of the re-
maining two NFe2 groups. It was suggested that the presence of
even small amounts of the free amine in the perchlorate salt
might be the source of a detonation.

i
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L (U) Preliminary studies on the decomposition of the solid
have been made in the temperature range 140°-215°C. at U. S.
NOTS (5,6). These early results indicated an effect of product
gases on the decomposition and a dependency of reaction rate on
total pressure.

B. BIS [ TRIS(DIFLUOROAMINO)METHYL]UREA, "BTU", [ (NF2)aC-NH]2C=0 (c)
!

(U) Information on the preparation and properties of BTU

is detailed in reports of American Cyanamid Company (7,8). The
h§at of formation is reported by them to be -82.7 %= 2.2 kcal./mole,
whnile, more recently, The Dow Chemical Company reported -73.7 +
4ikcal./mole (9). .

(U) BTU is a white crystalline solid and when sublimed or
pyoperly recrystallized forms needle-like crystals having cross-—
sgctions of a few microns and lengths up to several millimeters.
ﬂge compound is particularly friction-sensitive, which constitutes
tme greatest hasard. The impact sensitivity has been reported
as high as 38 %g.~cm. on early preparations, and more recently
(10) as 28-30 kg.-em. on pure sublimed crystals.

(U) Experimental work by American Cyanamid has shown that
when the compound is purified by sublimation 1t has substantially
better thermal stability than when the purification is by re-
crystallization from solvents or soivent mixtures. The difference
in stability "appears to be due to a tendency of the crystals to
oceclude solvent. In this regard, best results have been obtained
from a chloroform-iscoctane system which yielded 90-95% inclusion-
free crystals. In any event, for maximum stability it was neces-
sary that the BTU be kept scrupulously free of water. This lat-
ter fact was clearly shown in rate studies on the decomposition
of BTU in diglyme solution in which the presence of small amounts
of water greatly increased the decomposition rate. In dry_diglyme,
the decomposition was first order in BTU with k = 9.3 x 10 5 sec.
at 110.5°C. R

(U) Differential thermal analysis of BTU in sealed ampoules
did not indicate an exothermic reaction until about 130°C. The
~ rate of decomposition increased at 158°C., reached a peak at
about 180°C., and then dropped back to the base line at 190°C.
A second exothermic peak began immediately, peaked near 195°C.;
and then fell slowly back to the base line.

(U) Some rate studies on the decomposition of the solid were
made by American Cyanamid Company (8) at 119.5°C. Although the
data had considerable scatter, they did show that the reaction
followed a first order law reascnably well with k = 1.8 x 10 s
sec. ', approximately. Preliminary data on solid BTU were also
obtained in work at NOTS (5). Decompositions were carried out
between 130°-150°C. under a pressure of 200 mm. of nitrogen.
4n Arrhenius plot of the data was reasonably linear and gave an
apparent activation energy of 24% keal./mole and a pre-exponential
factor of 10°. -

_5_

CONFIDENTIAL



ammomee COMFIDENTIAL

C. POLY FA-BDE (T)

(¢) Poly PL-BDE was Iirsi prepared by Esso Research and
Engineering Compeny {331} =s 2 white solid by the polymerization
of PA-BDE (fluorinztad P2 adduct of butendiol epoxide) using
SoCls a5 cateliyst. L¥iThoush the usual preparatory route produces
a2 fine pomder, z Drocsess nas now been developed to make the pol-
yome= *m the form of beads several microns in diameter [(12).

{C; The spar¥k sensitivity of poly FA-BDE is serious, re-
¢ [T=ing iess thar 0.0015 joule to explode test samples. The im-
. semsIitivity is intermediate for this type of compound, viz.,
n_ -c=. Tor both powder and bead forms. Esso made an extensive

— -~ =Y

REN

STt =¥ the prnysical and chemical properties of this material
=nG most of these data are summarized in one report (13). The

nept cf formztion was estimated to be about -112.7 keal. per pol-
yoer unit. The polymer melts, apparently with decomposition, at
2027-20%°C., a2nd exhibits an autoignition at about 253°C. Its
therma]l stability appears to be superior to INFO-635P. Vacuum
stability tests showed no measurable -gas evolution until 90°C.,
a2t which temperature 2.77 cc. of gas per gram of polymer were
evolved after 100 hours. The evolved gas consisted of NO, COz,
Nz=Fs, and- HF.

(U) Thermogravimetric snalysis of the polymer showed no
weight loss up to about 155°C., at which point the sample began
losing weight and continued until decomposition was complete.
Differential thermal analysis indicated that exothermic decomposi-
tion began about 160°C. and peaked at 218°C., the former figure
corresponding well with the beginning of weight loss at 155°C.

-6-

CONFIDENTIAL



UNCLASSIFIED  ssrev-m-67-60

SECTION IV
(U) DISCUSSION OF RESULTS

A. INFO-635P (U)

1. Thermal Decomposition Background (U)

(U) Considerable work has been reported in the literature (1%-17)
on the kinetics of solid state decompositions. The thermal break-
down of a.crystalline structure is neither physically nor chemically
a simple process, and usually gives a wide variety of end-products
which may be solid, liguid or gaseocus. The major effort reported
in the literature has been the examination of the physical break-
down .of the crystalline lattice during thermzl decomposition. ’

(U) With many reactions in the solid state, lattice imper-
fections or crystal dislocations play an important role, because
the rate controlling step frequently is the diffusion of a re-
actant or a product through the reaction layer. This diffusion
is possible only by virtue of the lattice defects, which implies
that the effect of the physical factors such as particle sizZe
distribution and particle shape should be considered (18,19). For
example, finely divided solids react more rapidly with gases than
do the coarser solids. The thermal decomposition of a single -sclid
substance accompanied by a change of phase is complex due to the
diffusion processes, interface reactions and the creation of a new
phase or nuclel from which the product phase spreads or grows.
Therefore, in solld state reactions, the concepts of concentration
and order of reaction generally have no significance.

(U) The definition of a rate constant k and an activation
energy E for a solid state reaction, in analogy with a reaction
taking place in the gas phase, gives rise to several difficulties.
In a gaseous reactiomn the concentration is expressed as a continuous
real valued function of time, and the mechanism of the reaction is
expressed by a system of differential equations, the solution of
which gives the concentration of various reactant species and their
rate constant k. The activation energy E is derived from the depen-
dence on tempeTrature of k according to Arrhenius' law. If the same
conditions are assumed for a-solid state reaction, k must be inde-
pendent of time and have the factor of reciprocal seconds in its di-
mensional formula for a first order reaction and increases with
temperature according to an exponential law from which an activa-
tion energy could be derived. This latter condition will not be
fulfilled for solid state reactions, since the assumption for gas
reactions of an equilibrium between activated and non-activated
- molecules according to the Boltzman distribution is not valid.
Therefore, a rate constant cannot be defined for a solid state re-
action in the same way as for resactions in gases.

(ﬁ) The reaction rate of a solid state reaction is usually

characterized by the rate at which the reaction zone increases,
and is defined as the change with time of the thickness of the

-T-
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layer of product formed {20). This depends essentially on two
types of processes: (1) the .physical process of diffusion of the
reactants througH the reacticn layers, and (2) the chemical re-
sctions and the chemical processes which are produced at the re-
action interface. Usually one of the two processes is much

slower (19) and constitutes the rate determining step. The kinetic
expression of the reaction will then be defined by the nature of
this determining step. If the chemical process rrevails, then, for
so0lid state reaction kinetics, the rate constant and activation
energy can be defined only when a suitable hypothesis for the mech-
anism of the given reaction is available.

(U) ©ILittle progress has been made in transforming the overall
chemical process of a solid state decomposition into a series of
kinetically simple chemical changes as has been done successfully
with gaseous and solution reactions. One of the principal goals
of the present study is to determine the chemical reactions and
+the chemical processes that are produced at the reaction.interface.
This may be achieved by an analytical and kinetic study of the solid,
iiguid or gaseous products formed during the course of the decom-
position. The first stage of an experimental study of a thermal
decomposition is usually the determination of & curve representing
the plot of the fraction decomposed (a) or of pressure as a fune-
tion of time (t). The typical curves for a vs. t are generally
sigmoid, indicating an autocatalytic reaction. The curve may be
divided into three segments, an induction period, an acceleratdry
period, and a decay period.- The curve may be symmetrical or asym-
metrical. Each period may either be of short duration or very pro-
nounced. - o :

(U} The exothevmic solid reactions of The type A(s) »> B(s)
+ C(g) can be classified according to the shape cf the pressure-
time curves (p vs. t)..obtained during thermal decomposition (20) .
There are three main types. In the first type, a rapid rate of
reaction occurs at the beginning of decomposition and is typical
of solids wherein the nuclei of the new phase are rapldly formed,
resulting in an almost instantaneous. coverage of the surface with
a film of solid product. ILead and silver azides are good examples
of this behavior. In the second type, there is an apparent in-
duetion period due to a slow rate.of production of nuclel, as ex-
emplified by barium azide. The third category is characterized by
a small initial gas evolution, which is most rapid at the beginning
of the heating, which is then followed by an acceleration of the
reaction as in the second type of curve. Mercury fulminate, potas-
sium azide, and lithium aluminum hydride are good examples of the
third type. :

(U) INPO-635P is unusual because its decomposition appears to
have characteristies common to both inorganic and organic solids.
The available information for inorganic solids suggests that there
is no dramatic change in the physical properties of solids at

temperatures very close to the melting point. If slow decomposition

8-
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occurs below the melting point, then crystal break-up is an im-
portant process. If the break-up takes place during a fast re-
zetion, and there is strong evidence for this (1), then the rate
of decomposition can be considerably increased by exposing a large
surface area of the material.

(U) For organic solids, the decomposition mechanism is dif-
ferent from an ioniec inorganic solid. The majority of organic solids
are stable below the melting point and pass into the liquid state
without decomposition. There are, however, numerous cases where
melting occurs with decomposition, such as organic azide and diazo-
compounds. Many of these decompositions fcrm a product which lowers
the melting point of the initial substance, and,generally, it can
be shown that a sigmoid-shaped, pressure-time curve would result
if partial liguefaction occurred during the decomposition. The
formation of a liguid phase has z considerable influence on the
rate of decomposition ?14)

(U) The hot stage microscopy work on INFO-635P shows that
partial liquefaction does occur when there is a constant heating
rate. Also, examination of the residues from the monel reaction
decompositions in the presence of the prcduct gases indicates that
liquefaction has occurred, since the residue, a viscous liguid plus
a solid,has tended to flow and collect at a low- point in the re-
actor.

(U) In the present work, the effort has been directed toward
making the chemical process rather than the nucleation the slow
step in decomposition. This has been accomplished by increasing
both sample size and surface area and narrowing the particle size
distribution. However, the sublimation and subsequent decomposition
in the vapor phase has completely masked any slow chemical process
in the solid.

(U) The specific order in which each type.of experiment was
run is not the order in which the following results are discussed,
but rather in a seguence determined by the total results. Total
pressure decomposition in the monel system were run first. The
results from these decompositions lead to experiments run under
partial and continuous vacuum in the monel system and eventually
to a glass system. o

(U) A monel metal reactor and vacuum manifold were selected
because the metal surface, once passivated with fluorine gas,
would be inert toward any further surface reactilon.

2. DTA and TGA (U)

(T) The compound INFO-635P was examined by both DTA and TGA
methods with the objective of ascertaining the best temperature

-G-
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range to make decomposition studies. The first set of data was
obtained on freshly recrystallized material. The initial

heating rate for the DIA and TGA experiments was 10°C./minute

and at 150°C. was changed to 2°C./minute. For the TGA, a 20 mg.
sample was heated in vacuum. A weight loss of 3% occurred abruptly
at 33°C. The sample then volatilized at a moderate rate until a
weight loss of 10% was reached at 136°C. The rate of volatiliza-
tion began to increase rapidly at about 148°C. so that at 185°C.
the loss was 97.5%. In the DTA about 10 mg. was mixed with cal-
cined Alp0s which was used as reference. An endothermic drift
began at approximately 34°C., correlating with the volatilization
cbserved in the TGA. A weak, buft sharp, endotherm was recorded

at 159°C. At about 175°C. a strong exotherm began, reaching a
maximum at 206°C. A second DTA, made the following day, duplicated
the first result except that the weak endotherm appeared at 162°C.

%. <Vacuum Decomposition (U)

a. Partial and Continuous Vacuum Decomposition in g Monel System ()

(U) Analysis of the data from three decompositions at 170°C.,
in which the pressure of the product gases over the solid were not
allowed to exceed a specific limit. Figure 1 and 2 reveal that

gas-solid and gas-gas interactions are significant.

(C) The product gases from one partial vacuum run at 170°C.
were chromatographed. The results, shown in Figure 3, indicate
" the NoF. has reached an apparent steady state which is compatible
with data obtained on other high energy NF compounds,. and suggests
the ¢-N bond cleavage is important, though it is not yet obvious
whether the NzF, is a result of a solid or gas phase reaction.

(C) The experimental results from a series of decompositions
of INFO-635P that.were run under contimuous vacuum are given in
Figure 4% and Table I. The percent weight loss curve appears to
be very regular and to stabilize at about 85%. The mass spectral
data of product gases show a general trend in the total concentra-
tion of product gases as a function of time. There is no nitrogen
gas because the particular technigue employed in maintaining a
continuous vacuum does not allow the identification or determina-
tion of non-condensable gases. Some of the minor gaseous products
also found are CsHo, CaHa, "CHaNHz, CNC1, CoHoFz, CFy, and SiF,.

A liquid was also collected with these gases from the vacuum de=-
compositions; however, once ccllected in the Kel-F trap the liquid
could not be vacuum-transferred out of ﬁhe trap for analysis.

b. Mass Spectral Study of ‘the Thermal Decompositibn (U)

(U) A portable cycloidal mass spectrometer, on loan from the
Chemical Physics«Laboratorvaf The Dow Chemical Company, .was

-10-
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attached to the vacuum decomposition system so that small amounts
of gas products could be sampled through a needle valve while main-
taining the vacuum over the solld cryogenically and mechanically.

Table I

(U) Mass Spectral Results of Decomposition of INFO-635P
in Monel Reactor at 170°C. in Vacuo

Resulting Compounds
Run Time, Mole Major Product/Mole INFO-635P
No. hrs. NO N-O NO» CO2 H-0 NoFo NoFa

628 1 0.00% 0.02% 0.003 0.057 0.035 0.003 0.02k
630 2 0.049 0.041 0.009 0.170 0.018 0.031 0.074

76 4 0.102 0.088 0.020 0.351 0.020 0.068 0.177
726 9 0.25 0.123 0.017 0.703 --  0.047 0.276
728 21 0.271 0.081 --  0.991 -- 0.106 0.480

(U) The principal reason for performing these experiments

was to obtain a qualitative picture of the decomposition with re-
spect to the gas phase. No quantitative correlation among the
~several runs could be made since no stanéard cracking patterns

of the various compounds on this instrument were taken; therefore,
as the higher mass fragments begin to appear the distinction be-
tween those lighter fragments due to the fthermal decomposition and
those due to the cracking pattern of the higher masses became more
difficult. -

. (U Even a complete intra-correlation of the ion intensities
between different spectra of the same run could not be attempted
over the entire time range because of the change in the sensitivity
factor as the optimum operating pressure of the instrument was
exceeded.

(U) Six decompositions were run in the temperature range
150°c.-%b‘185°c. A representative spectrum at the various temper-
atures at approximately the same time were taken. <

(¢) -Analysis of these spectra with respect to mass numbers
20, 36, 47, 52 and 53 was made and the ion Intensities were plotted
as a function of time (Figures 5 and 6). The most significant
point of the reaction at 150°C. is that mass 52 (NFg) and mass 53
(ENF.) appear to have reached a steady state (Figure 5). Mass 47,
assigned to NpF from NazFz, is steadily increasing. Hydrogen
fluoride is by far the most abundant species. Mass numbers 28 and

-15-
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4 are very abundant and follow similar curves. From high resolu-
tion mass spectral data at 120°, 150°, and 160°C., mass 28 and 4%
are predominantly -CHoNHp and CHoCH»NHp (1).

(C) Figure 6 represents similar curves of the data derived
from the decomposition at 170°C. and agrees with the 150°C. run,
Figure 5, excépt that NoF» (M/e = 47) has also reached a steady
state. Hydrogen Tluoride is again the predominant species.

(C) The higher mass fragments are observed at longer times.
Mass numbers 22% and 168, corresponding to the free amine and
(NFz)sC-, indicate that sublimation is an important factor in the
decomposition under these vacuum conditions.

(C) The various oxides of chlorine, Cl0x, cocrresponding to
the HCl0. cracking pattern, are also observed; however, their i1el-
ative intensity is not very great during the reaction period,
suggesting that the perchloric acid has reacted in some way either
with the solid or the metal system.

¢. Continuous Vacuum Decompositicn of INFO-635P in Glass
Apparatus (U)

(C) The vacuum decompositions of INFO-635P that were monitored
with a mass spectrometer suggested that the oxidizer was partially
subliming. ZEvidence supporting this premise was the observation of
the high mass numbers 228, and 168, and the identification of mass
44 and 30 as the ethyl and methyl amine fragments. These results
gave rise to the postulation of a series of complex reaction steps
involving sublimation, gas phase decomposition, gas-gas reactions,
gas-s0lid reactions, and solid phase decomposition.

(C) The extent of the solid phase decomposition and of the
sublimation was not known. Accordingly, an attempt was made to
separate and/o» minimize the various reaction sequences. Several
experiments were run in an apparatus designed such that it could
accommodate seven samples at one time. The oxidizer samples were
weighed into Teflon cups and placed in a glass reactor. A vacuunm
was maintained mechanically over each sample simultaneously during
each run. The advantage of sueh a system was that the environment
of each sample during any one run was constant, thus minimizing the
error due to variation of the external parameters.

(C) A number of vacuum reactions were run from 165°C. to 180°C.
The residues of these experiments were all analyzed: <first, for
total weight loss and then by NMR to determine the amount of INFO--
635P remaining in the solid residue, which would allow the calcula-
tion of the solid phase decomposition kinetic parameters. Specif-
iecally, the tris group of INFO-635P , (WF».)aC- , which yields a
single fluorine peak or signal, was used to measure the amount of
original material present in the residue, the tacit assumption
being that the tris group is present only as INFO-635P and as no

-18~
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other solid compound. The solid residues were weighed into the
NMR tubes and kept dry until the spectrometer was ready for use,
then either a 0.5 cec. of 0.1 N HC10: or & 0.5 cc. of 0.1 N HC104
plus 10% CFsCOOH, as an internal standard, was added. As an added
precaution to minimize secondary soluticnm decompcsitions, the loaded
tubes were kept at dry ice temperatures uncil Just before loading
the sample in the NMR. Table II lists the results from one such
run. Tn each sample set a standard of pure INFO-635P, m.p. 223°C.,
was included. The quantitative result was based upon the ratio of
unknown peak height to standard peak heights or upon the ratic of
thelr integrals. In either case, the results are consistent. The
data are interesting, suggesting that the residue 1s essentially
100% INFO-635P. This was confirmed by infrared spectroscopy of
the residue, which gave a spectrum conslistent with the pure mate-
rial, and a crude shock test of the residues, all of which ex-
ploded on impact.

Table I1

(U) Comparative NME Data of INFO-635P Residue
Decomposition at 105°C. in Vacuo

With Internal

CFaCOOH Std. Without CFzCOOH
Time, Peak Ht Integrals Peak HE.
Sample hrs. % INFO % INFO % INFO

1 0.5 93 92 92.5

2 1.5 96 103 106

3 2-5 102 102 102

% 3.5 % 8 %5

5 k.5 105 103 —

& 5.5 1682 1612 -

7 6.5 99 100 --

ZRsswidue weight very small; results inconclusive.

(T) During heating of the samples a white solid collected in
the cold zone of the reaction abeve the ¢il level and was identified
by infrared spectroscopy as INFO-635P. This sublimed material was
collected from each sample and weighed. This information when
correlated to results on the solid residue shown (Table III) that
at 165°C. about 90% of INFO-635P is recovered. This value de-
creases progressively to 75% for. the 180°C. run. Gas products were
also obtalned, but these were not collected in a manner that would
give quantitative results.

-19-
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Table III

(U) Mass Balance of Solid Material Recovered
from Decomposition at 1065°C. in Vacuo

Time, Residue INFO in INFO Totald
hrs. Wt., % Res., % Subl.,% INFO, %
0.5 96.45 89.69 1.65 91.3

1.5 81.87 78.59 12.41 91.0
2.5 67.25 67.25 19.80 87.0
3.5 53.04 52.51 40.99 93.5
4.5~ 30.32 30.32 58.25 88.6
5.5  11.45  ~10.0 78.32 '89.0
6.5 1%.13 13.98 76.69 90.6

(c) All these data imply that there 1s no so0lid phase de-
ecomposition, and that decomposition occurs in the gas phase. 1In
addition, nucleation of the solld, proton transfer forming the
free amine and perchloric acid, and desorption of these materials
from the unreacted solid precede the recombination and condensa-
£ion as the salt in the cold zone. Amine salts, under thermal
influence, have been shown to dissociate by proton transfer to
the free amine base and perchloric acid (23).

(C) The linear plot of the amount or INFO-635E -remaining in
the residue as a function of time, Figure 7, suggests a zerc ordar
reaction, l.e., the rate of sublimation 1is independent of the .
amount of material present.

at
L ]
The rate constants and the activation energies were derived by the
method of least squares. The half-life for such a reaction order
is dependent on the concentration of the material present.

= t1/2 = %f—[ (2)

Therefore, any change on the amount of INFO-635P initially present
in the reactor would affect the half-life and, thus, the slope of
the line. The problem now is whether or not this is a "true" zero

~20-
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order reaction. One sample of the 165°C. run was loaded with
45% more INFO-635P than the others. Examination of the data at
6.5 hours (Table IIL) shows that there is less percenftage weight
loss and sublimation even at this longer time, implying that this
is a "true" zero order reaction. On the other hand, it is commonly
assumed that rates of vaporization or sublimation must certainly
be a function of the surface area and concentration. In conjunc-
tion with this is the knowledge that the reactant vapors, (NFz)s-
COCHoCHoNHo(g) and HC204(g) , are forced by mechanical means to
flow through & cylindrical element of the reactor. The dependence
f the mass transfer upon thes mechanical pumping rate is shown in
Figure 8, where the log of the weight of INFO-635P sublimed as a
function of time is shown to be independent of the temperature.
The data plotted in Pigure 7 are thus for a "pseudo" zero order
reaction.

d. Vacuum Decomposition in Closed Glass System (1)

(U) The results show that under a continuous vacuum extensive
sublimation may occur without solid phase decomposition, but with
some gas phase decomposition. The experimental system was modified
to collect gaseous products cryogenically in a calibrated volume
which would allow a more guantitative mass balance determinatlion.
The system was designed to allow the cylindrical volume, or hot
zone, through which the vapors must past before they reach the cold
zone, to be varied from 25 mm., 65 mm., and 155 mm. in length.

(U) A1l reactions were run at 170°C. and under an initial vac-
uum of 0.5 micron. A gas pressure increase was cbserved after long
heating cycles in most-¢ases which was due to the non-condensable
product gases. Rezction times were held constant at 1, 3, 5, 8
and 19 hours._ .-~

(U} “The first series of reactions were run at the 25 mm. im-
mersion depth. The data are presented in Table IV. The results
are consistent in that a concurrent plot: (Figure 9) indicates that
there is a direct relationship betwesen the weight lost and the
weight sublimed,and that the line follows the theoretical line
expected had there been no vapor decomposition.

(c) Run number 1128 {Table IV) was made under one atmosphere
of helium to determine whether the sublimation could be prevented,
thereby minimnizing the gas phase decompoesition in favor of. a solid
rhase reaction. This was partially accomplished, since no -8o0kid -
sublimate was observed, but rather a condensable liquid was found
which had a vapor pressure and could be transferred in a vacuum.
Accordingly it was studied by mass spectrometry at rocom temperature,
but only after most volatiles were removed by fractionation and
pumping through the time-of-flight mass spectrometer. The gaseous
products were mainiy-NpPFs and SiFs. The mass spectrum of the 1iquid. .
(Table V) suggests/ that the sample has a very high-vapor pressure
vecause four masses blanked out the galvanomet&r of lowest sensi-
tivity. It is also evident that this-material is largely the

ool
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free amine, (NFp)sCOCHCHoNHp, with possibly some small amount of
the perchlorate. These results imply that even under one atmo-
sphere of pré&ssure proton transfer has occurred and the free
amine has a higher vapof pressure than the perchloric acid, and is
capable of diffusing to the cold zone without complete decompesi-
tion. However, there was approximately 91% weight loss.

Table IV

(U) Mass Balance of INFO-035P Decomposition
at 25 mm. Immersion Depthiat 170°C.
and in Fresence of Non-condensable Gases

v

Time, orsg. % % }“%:INFO
Nr. hrs. "Wt.,mg. Lost “Subl- Decomposed
1264 1 80.5 1.74 : 1211 0.5
126P 3 81.1 6.55 - 558 1.0
127 . 5 80.8 9.%0 . 7.92 1.48
129 8 81.8 10.30° -38.08 1.22
1157 18 84.9 ; 45.35 37.46 7.89.
1125 19 91.7  55.07T 50.70 5.37
1128% 19 83.1 91.21  (Liq-.) —

3gelium at one atmosphere.

(U) This same series of experiments was repeated except fhat the

immersion depth was increased to 65 mm. Table VI lists the weight
balances. :

(U) A plot of the log percent weight remaining as a function
of time (FPigure 10) reveals that when mechanical pumping is elim-
inated the disappearance” of INFO-635P follows a first order rate
law. A concurrent plot (Figure 1l) again shows a linear relation-
ship between the weight loss and the welght sublimed to abeut 50%
weight loss, where the rate of weight loss accelerates, probably
because of increased pressure of the non-condensable gases or of
a catalytic effect of one of the products. The difference in the
slope of the linear portion of the experimental line from the
theoretical line (Figure 11) is & measure of the rate of gas phase
decomposition.

-25-

CONFIDENTIAL



wrenmer-s0 CONFIDENTIAL

Table V

(¢) Mass Spectrum of Condensable Liguid from Run 1128
in Order of Decreasing Intensity

Possible Possible
M/e Assignment M/e Assignment
85%  NyFa, SiFs 28 Nz, CO
43%  CH30C, CzF . 66  NgFz, SiFz
63*  CHgOCHF 47 NP, OCF, CCl, SiF, CHoF
27%  CgHa, HCN 52 NFz
29 CHO, CHaN %1  CHgNH2
4y CH>CH2NH», CO» 124  (FoN) -C~OCHoCHoNH»
67 c13502 168 (F2N) sC-
30 CHoNHZ 104 NoFa
69 13705 181  (NF3) oCOCHNH>
33  NF | F

*High Intensity.

Table VI

(U) Mass Balance of ,INFQO-635P Decomposition at
b5 mm. Lmmersion Depth at 170°C.
and in Presence of Non-condensable Gases

Time, Org. Percent Decomposed,
Nr. hrs. Wt., mg. Lost sSubl. Decomposed mg.
126A 1 81.2 16.4  15.1 1.3 1.0
126F 3 81.5 32.6  29.7 2.9 2.4
137 5 84.0 Li.h 39.0 5.4 4.5
129 8 B82.2 61.8 51.7 10.1 8.3
1117 19 T7.4 85.01 60.98 2%.0 18.6

- (C) The composition of the gaseous products collected from
the above series of reactions was quantitatively determined by
mass spectrometry. The data are given in Table VII in units of
moles of gas per mole of original INFO-635P. There is a large per-
centage difference in the mass balance of the weight decomposed
versus weight of gases recovered {1ast column Table VI and VII).
However, the actual difference in the first three runs after cor-
recting SiFu(g) to HF(g) is less than 0.8 mg. A plot of the moles

~o6-
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of gas per mole of original INFQ-635P also shows a remarkable
smooth line which is indicative of the correctness of the relative
concentrations (Figures12 and 13).

Table VII

{C) Mass Spectrum of Product Gases from
65 mm. immersion Runs at 170 C.

Run Number

1264 126P 127 129 1117
Time, hrs. 1 3 5 8 19
Moles gas/
mole INFO-635P-
x 1072
Na 1.81 .40 5.90 3.08 8.66
NO 0.197 O.TiT 1.33 1.46 8.57
N=0 0.083 1.02 1.32 1.77 7.43
02 0.54% 3.11 6.77 6.54 26.8
N2Fe 0.328 1.81 3.53 4,38  13.9
NzF2 0.329 2.18 3.90 5.60 10.95
HNF» D.09% 0.133 0.303 1.46 0-891
" SiFae 0.328 1.38 2.92 4,21 10.2
CoFa " 0.05  0.101  0.137  -- -
Wt. gas, mg. 0.453 2.28 3.92 5.12 12.8

-

(C) There is a correlatlon between the stoichiometry of two
decompositions, shown in Table VIII,where the coefficients are
expressed as moles of gas per mole of INFO-635P decomposed. The
weight of INFO-635P decomposed was assumed to be the weight lost
as gases (last column Table VII).

Table VIIT ..
(c) Stoichiometry of Gas Phase Decomposition,
65 mm. immersion, 170 C., moles gas/mole
INFO-05HFP decomposed

Run '
Nr.  N» NO NoO CO» NoFs INFp MNoFp _HF- CoFs

.~ 196P 1.6 0.27 0.30 1.2 0.67 0.05 0.80 2.05 0.04
127 1.1 0.25 0.25 1.3 0.66 0.05 0.73 2.18 0.03

-29-
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(¢) The total moles of nitrogen and fluorine exceed the the-
oretical value of 2 and 3 moles, respectively (Table IX). A
rationalization of this discrepancy is described in the following
paragraph. ’

Table IX

(C) Elemental Mass Balance of Decomposition
at 170°C., 65 mm. lumersion

Units, Mcles/Mole INFO-635P Decomposed

Nr. . Time, hrs. No H2 c Oz _Hs  Cls
126P 3 3.55 3.29 1.22 1.47 1.05 --
127 : 5 2.88 3.2% 1.31 1.51 1.12 -
Theory - 2 3 3 2.5 3.5 0.5
1272 5 6.59 T.41 3 3.45 2.55 -

aNormalized carbon to ideal value.

(c) If the assumption that the weight lost, after accounting
for the weight of sublimed INFO-635P, is correct and that decom-
position is in the gas phase, then two alternatives are available.
If the total moles of nitrogen (Nz) and fluorine (F2) recovered
as & gas are correct, some material containing about one-half the
available C, H, 0, Cl is missing. If the C, H, 0, values are cor-
rect, then the N2 and F are in excess. In conjunction with this,
the appearance of the solid residue must be considered. In all
the runs, except the one hour decomposition, the solid residue
had discolored, suggesting that the solid does decompose or react.
Thus, the Initial statement that decomposition is only in the gas
phase is not entirely correct. The residve, however, is still .
composed mainly of unreacted INFO-635P. If the total moles of
carbon recovered is normalized to the theoretical wvaluve of 3, and
the correction applied to the other elements, the total amount of
Nz and Fz are greatly in excess. The excess, however, is in a 1:1 -
mole ratio, which leads to the conclusion that, under vacuum con-
ditions and concurrently with the sublimation process, some sort
of 301id phase rezction or decomposition is initiated involving
the tris-NF» group and HF formation involving fluorine abstraction.
The process is slow relative to the sublimation, but, as the pres-
sure over the solid is increased, the rate is increased and the
reaction becomes a great deal more complex.

(¢) Several reactions were made at 186°C. in an attempt to
duplicate the general results of the 170°C. runs to derive an
activation:energy, Ea’ for the sublimation. However, the present

-32-
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results duplicated the earlier experience of decomposition at
180°C. in the monel reaction, i.e., that the decomp051tlon is very
fast, almost explosive. The present data, (Table X, XI) show that
there is more than one path by which INFO-635P may be nucleated and
decomposed. The one path which is the "slow' reaction leads to the
expected formation of the various NFy compounds. The second path,
which is a very fast decompositicn as determined by the rate of
pressure increase,leads to a slight increase in NzFz concentration,
a markedly 1ncreased N20 concentraulon, and no detectable NFz com-
pounds (Figure 14).

Table X

(¢) Weight Balance INEO-635P Decomposition at 180°C.
65 mm Immersion

Time and Run Nr.

Weight Balance 1210 1217 1219
Time, hrs. 3 8 8
Org. wt., mg. ' 82.4 82.9 80.9
Wt. lost,mg. 33.1 75.9 53.6
Wt. lost, % 4o.2 91.6 66.3
We. subl., mg. 21.2 ~- 25.4
Wt. subl., 2 25.7 ~ 31.4
Wt. decomp., mg. 11-9 75.9 28.3
Wt. revd.? gas, mg. 7.9 75.7 19.1
Final press

non-cond. gas,mm.  1.% 55.0 3.2

aWt. gas corrected SiFs to HF.

4. Decomposition of INFO-635P in the Presence of Product Gases,ln
Monel Reactor (U)

(U) A laeck of reproducibility was observed with the pressure-
time reactions in the monel reactor. These inconsistencies
(Figure 15) among similar runs of INFO-635P were believed to be
the result of non-uniform erystal size. Attempts to minimize this
incongruity by depositing a thin film showed that the decompositilon
was too fast for kinetie sampling of the products, probably be-
cause of self-heatlng. The reproducibility of the experiments
improved by sieving the solid into batehes with a narrow range of-
particle size. Induction periods,where present, were decreased by
inereasing the surface area, in this case by sieving. The: reactions
using sieved samples wWere more controllable and were used in all
subsequent experiments.

~33-

CONFIDENTIAL



amren-mR-67-60 - CONFIDENTIAL

(This Page is Unclassified)

160
] 1 P
[ PRESSURE, mm | ~ P
140 . ,/
7
7
L/r
’/
o
7 ri217
100 A
//
//
80 -
-/
‘ 7

4
<60 }— e

¥y o=

V4
4
40 r
|
//

20 /, ' . V210
0 !L-‘--JIIILIILSEE‘-"-"-'-' — e S S S— (" D SE S——

o 60 120 180 240 300 360 420 480

(U) Fig. 1% - Total Pressure Non-condensable Gases, INFO-635P
Decomposition 180°C., 65 mm. Immersion.

—3h-

CONFIDENTIAL

(This Page is Unclassified)

<3



CONFIDENTIAL AFRPL-TR-67-60

(This Page is Unclassified)

‘ n%t%s. Gés ggg vllg'er; Eén-:aESH
NFO 424 316.3 60 MESH
o s oy
appn o
» /'—
- V4
i
},
=, !
‘! .
"': Vv-211
[TIMEx100,min.} | 1:
4 5 6 7 8 9

(U) Fig. 15 - Total Pressure-Time Curves for INFO-635P
: Decomposition at 160°C. in Mouel.
-35-

CONFIDENTIAL

(This Page is Unclassified)



AFRPL-TR-67-60 CONFIDENTIAL

Table XTI

(c) Mass Spectra Gaseous Products from
INFO-635P Decomposition at 180°C., 05 mm. Immersion

Run Number
Gaseous Products 1216 1217 1219

mole gas/molg
INFO-635P x 10 2

NoFa 10.05 0 20.20
Nz2Fo 8.59 5.37 14.89
HNF2 0.036 0 0

SIFs 8.77 51.05 16.0%
CNC1 0.0% 1.33 0.14
COz 16.26 355.% 42.71
N20 1.81 125.0 8.02
NO : T7.54% © 61.84 25.08
Nz 4.56 49.06 15.18
Clz2KC-CHg 0.18 - 1.3h 0.43

(U) Since sublimation is an integral part of the decomposi-

. tion under vacwm conditions, the observed poor reproducibility

in the p - t data is now better understood. As was mentioned
earlier, the rate of sublimatfon is a function of the surface

area and concehtration as well as the temperature and pressure.

TF this rate is first order, then an in.rease in the concentra-

tion should increase the sublimition rate. Since the monel re-
actor decompositions were run in a closed system, an increase

in the initial concentration would increase the sublimation rate
which would then necessarily increase the rate of gas phase reaction.

(€) The stoichlometry determined in earlier decompositions
in monel (Table XII) showed an excess of nitrogen and carbon. The
difficulty is that the gases analyzed by mass spectrometry are not
necesssrily the same as those in the hot reactor prior to sampling.
Specifically, all the fluorine is not mass balanced whereas most
of the carhon and nitrogen is accounted for in the decamposition.
Te fluorine, as hydrogen fluecride (HF) , must have reacted with the
ecollcetion s7stem in some manner. Also; the calculational units
are in terms of moles of product gas per mole of INFO-635P, which
“implies that 211 the original materi:i has reacted and 1s in the
gas phase. _Actually, there is alway: = residue; thus, the as-
sumption is rof valid. Both of the zoove points have the effect
of increasing the moles of gaseous products. A crude correction
for SiF, to HF gas, assuming that half the fluorine ends up as
e ggsé yields the stoichiometry shown in Table XII for a reaction
at 160°C. == s
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Table XIT

(C) Stoichiouetry of 160°C. Decomposition
of INFO-035P in Monel Reactor

Gas, moles gas/mole INFO-635P
Stoichiometry N> Na CcO CO2 SiFy CNC1l CPg Unlkmown

Uncorrected 2.0% 1.4 1.01 2.72 0.8% 0.08 0.01 0.06
Corrected 1.25 0.92 0.62 1.69 2.5:% 0.0% 0.006 0.03

4Represented as HF(g) -

(U) Because of the sublimziion and the conclusions drawn con-
cerning the total pressure decompositvicuns, 2 re-evaluation of the
p - t data is necessary. Firsi order plots (Rigure 16) of the data
were again made and the rate constaznt derived by least squares
calculation. The pressure resulis for the JiIrsi 30 minutes were
ignored in this derivation. A&n Arrhenius plot of these constants
(Figure 17) shows excellent linearizy Zrom 175°C. to 160°C. The
rate constant, k, from the p - t date 2T 150°C- was recalculated
by extending the range from 100 to %00 minutes. The derived rate
constant now fits with the other datz points. The activation energy
(E.) derived by least squares is 39.5 kcal. The rate constant
deZived for the 180°C. decomposition 834 not it the curve.

(U) There is a more general m:_hod of analyzing the results
from which activation energies can e derived {2%). It is based
on the assumption that a single kinetliz esguatiion is applicable
over a specific small range of decomposition independent of the
temperature. The rate equation 1s glven the form:

Ple) = ¥t (1)
where k is the rate constant. The ¥=les of fractional decomposi-
tion are L2 o+ 1° at times tn’ ‘n . 1"

(U) Then, over a finite renge dscomposition:
and at any different temperature, but the same values of a:

Fla, *.]) - Flay) = k' (t', , ) = constant

=37~
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From the Arrhenius equation it follows that a plot of log (tn + l-tn)
against 1/T is linear with slope E/2.303 R. Since the form of the

kinetic equation F(a) is not known, the pre-exponential Ffactor can-
not be found.

(7) The fractional decomposition (q) was assumed to be moles
of gas produced per mole of INFO-635P originally loaded into the
reactor. This is not a measure of the decomposition of the solid;
however, based upon information developed from experiments in
vacuo, o is believed to be more a measure of gas phase decomposition.

(C) In an earlier report ’25) this method was used to derive
activation energies for the temperature range 165°- 180°C. and
150°-160°C. A least squares derivation is made in the range
175°-150°C. and in the range 0.25< a <1.0, an activation energy
of 45.3 keal. is derived with a standard deviation of +2.3% kecal.
Since these activation energies are derived from pressure data,
their interpretation mechanistically is ambiguocus because of the
complexity of the total decomposition.

5. Residue Analysis (U)

(C) All the residues from the total pressure reaction from
160°C. to 180°C. in the monel reactor had the same physical ap-
pearance and gave the impression that liquefaction had occurred.
All samples were orange, and there seemed to be two different
substances, one a solid and the other g tacky or amorphous sub-
stance. The residue was tregted with acetone; the solid portion
was insoluble and was set aside for further analysis. The tacky
portion was soluble; it was re-precipitated as a pale yellow

powder from acetone with ether. It was found not to be shock sen-
S1t1ve, upon heating it began to discolor at about 180°C. and
finally decomposed with gas evolution. The resulting residue
from this is similar in appearance to the acetone-insoluole mate-
rial of the original sample. The tacky or amorphous form can be
regenerated by dissolving the yellow powder in acetone and then
allowing the solvent to evaporate. Infrared analysis of this
soluble material suggests the presence of Cl0. , C=0, or possibly
fluorinated -C=C-, and possibly a cyclic carbonate structure
(Figure 18). ; :

(C) X-Ray analysis of the solid revealad only twe crystalllne
materials, INFO-635P and ammonium perchlorate, along with some
amorphous material. Mass spectral results of this material in-
dicate that it may be one or more halogenated substances. Since
acetylene and ethylene have been observed in the gas phase by
mass spectroscopy, the existence of low molecular weight polyme”s
is very plausible. =

(C) The residue from each of the vacuum decompositions in-*
monel was still a powder, in contrast to the total pressure runs
where the 1mpre531on of flow was observed. The color change varied
progressively from white to pale yellow to orange as the time of
decomposition inereased.
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(C) The residue from vacuum reactions at 170°C. in the monel
reactor was assumed to contain unreacted INFO-635P and AP as the
only €104~ containing compounds. Therefore, quantitative analysils
of the residue for total €104  and NHaz{g) content should give an
indication of the rate of disappearance of INFO-635P. The results
indicate that there may be at least one other perchlorate in the
residue since the total weight of the residue calculated from the
Cl0.~ and NHEz(g) content does not balance with the original weight
of the residue (Table XIII). NMR analysis of the residue indicates
the presence of an aliphatic chain, as well as several other ab-
sorptions which could be attributed to the NCH or OCH type of
bonding. :

Table XTTT

(¢) Mass Balance of Residue Based Upon Total ClOa- and NHs(g)
FTor 170°C. Decomposition of INrFO-D35F in Vacuo

Mass Balance
Run Time, Residue HZO Inscl. AF INFO Total WE.

Nr. hrs. Wt.,mg. ng. nmg. me . e .
78 0.5 201.3 0.35 -- 200.9 201.3
628 1.0° 193.1 0.24 -- 178.4 178.6
630 2.0  168.4 0.78 3.1 166.2  170.0
76 4.0 136.0 2.17 3.6  135.4 141.2

(U) Active fluorine analysis of these residues gave the results
shown in Table XIV. .

Table XTV

(c) Active Fluorine Analysis of INFO-635P Plus Residues

Fluorine
Run NP. Time, hrs. equivaients/mole
Standard - . 5.3
78- . 0.5 ~5.3
630 2 3.7
76 . 4 3.4

(¢) Normally, the number of eguivalents would be expected to
decrease as a function of time. The data in Table XIV do not

_kpe
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verify this expectation. Thils increase In activity is believed due
to the formation of NOz~ groups in the residue which can also
oxidize I™. v

(c) The residue from Run 723_decomposed in the monel reactor
under vacuum after twenty-one hours appeared homogeneous. This
material had a melting point of 237°C. with decomposition. Ele-
mental analysis. resulted in the foilowing empirical formula
C24F13N1503eFCle. Emission spectroscopy on this sample showed
less than 0.17% total metal present.

(¢) High resolution mass spectroscopy of this residue at tem-
peratures varying from 130°C. to 230°C. gave essentially the same
spectrum as shown in Table XV. As indicated from the mass spectral
results, the principal component observed is HC1lO. and its related
mass fragments. Comparing this mass spectral pattern to the em-
pirical formula indicates that no carbon, hydrogen or nitrogen were
observed. The residue could therefore be a complex polymeric amine
perchlorate.

(C) Thin layer chromatography of residues from two runs Number
628 at 170°C. for one hour, and 712 at 150°C. for 12 hours, gave
the same results. There was one major impurity and one trace com-
ponent, exclusive of NH4qClO:. The major impurity is basic and
treatment with ninhydrin indicator gave a deep purple which suggests
that it is a primary amine or an ammonium.salt, but not NH.C1lOg4
which is not very sensitive %o ninhydrin indicator.

{U) In comparison to the glass vacuum system, the monel vacuum
was extremely constricted. The gases in the glass systzm passed
through a one inch I.D. tube to the cold trap; the gases in the
monel system passed through a 1/32" I.D. hole, 2.5 inches long
before entering the vacuum manifold. The residues are therefore
contrasted but not inconsistent.

6. Mass Spectrometric Techniques (U)

(c) Mass thermal snalysis (MTA) and high resolution mass
spectroscopy of the solid decomposition {(Pigure 19 and Table Xvi)
suggest that the free amine is formed prior to decomposition. This
is based upon the M/e value 44 (CHoCHoNH,T) and M/e value 30 (CHoNH2T)
observed in the mass spectrum. Considering that the slow thermal
decompositions were run at 160°C. and 170°C., the absence of these
compounds is understandable becauvuse the amines are most likely un-
stable under these temperatures.

(C) The mass spectra and slow thermal results are obviously
different. There are two plausible explanations. Since the Tem-
peratures are so different, 120°C. and 170°C., a comparison is
being made of the decomposition of the two different crystaliine
modifications. TUnder the high vacuum conditions of the mass spec- .
trometer and the low temperatures, INFO-635P was sublimed and the
‘eracking pattern of free amine and perchloric acid was observed.

£
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At the higher temperature some of the free amine that vaporized
from the surface decomposed in the gas phase before entering the
ionization chamber of the mass spectrometer.

Table XV

() High Resolution Mass Spectrum of Residue
from Run 7238

M/e Assignment
102 HC1%704
100 HC102
87 -
85 " C1%70s
83 C102
€9 c1%70g
67 €102
64 -
54 ° HOC137
52 HOC1
53 Cc1%70
51 €10
uy -
43 -
38 : HC137
37 €137
.36 HC1
35 ) c1

(U) The double reaction sequence observed in the MTA results.
(Figure 19) may now be explained as sublimation in the initlal
period, and as the sample is heated it begins to pre-melt, decreas-
ing the sublimation rate. Continued heating results in tetal lig-
uefaction, which finally leads to vaporization of the liquid. A
similar reaction was run at a higher heating rate (50°C./min); the
relative intensity of all the mass peaks were reversed. Most- of
the sample was sublimed during the initial period with the ze—
maining smaller sample again melting and vaporizing at the-higher
temperature. . . :
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(U) Piz. 19 - MTA Results on Recrystalllzed INFO-635P
at a Heating Rate of 3°C./min. »
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Table XVI

AFRPL-TR-67-60

(U) High Resolution Mass Spectra of INFO-635P

Relative Amounts at Varlous

Temperatures, C.

Species 120

130 160
H20" 52 14 —
nut 77 20 15
wEt 88 76 13
‘N2t 32 3N §1
co* 27 39 28
CHzNT 59 49 51
C2He™ 10 11 16
CH.NT 350 290 200
NF" 35 73 85
C2H N 58 6L 103
0ozt 4y 165 182
CzHeNT 200 170 230
NF2t 32 150 210
NoFa™ -— -— Some
c12502" - --- 150
c1370," -— -— 19
CaHaONT - _— Low
CaHoNC125™ — o =7
- CoNFz* — — 10
CsHsO2N" --- - 53
CeHaNaF ' — — 16
(NF2) 200" —- - 0
CsHeONsFs®™ = . ——- —-— Some
c(wra)t ‘ ——— -— Some
(NFz)aCO" IR - 0

U6 -

~ CONFIDENTIAL



CONFIDENTIAL  #me-m-67-60

7. Decomposition Mechanism {U)

(U) Thermal evaporation depends primarily on'the transfer of
_kinetiec energy for evaporation. This evaporation occurs from an
adsorbed layer, and for eguilibrium between vapor and condensate
to be established and maintained the probability of evaporation
must follow & cosine distribution (26), i.e., the molecules con-
dense and re-evaporatzs. The most sophisticated treatments of the
stepwise process of the evaporation rate of crystals can be found
in the literature (27,28). The cases described usually deal with
the evaporation of crystals for which the only participating species
is monomeric. If the evaporation of a material involves moromeric
and dimeric species, nine sets of reaction rates are necessary
for which there is no general analysis of the kinetics. If evap-
oration of a compound leads to elemental or disproportionated
vapor, the multiplicity of reacticn rates necessary to describe
the system also leads to further complexity.

(¢) A mechanism supported by the data is proposed. The initial
step is a proton transfer with the subsequent formation of the free . -
amine,(NF2§SCOCH2CH2NH2, ané perchloric acid, both adsorbed on the
surface of the unreacted solid. The next sequence of reactions de-
pends upon the reaction parameters of pressure and temperature.
Under vacuum,. the desorption of the free amine and perchloric acid
occurs readily. Vapor phase decomposition follows; however, the
extent of decomposition is dependent upon the temperature and path
‘length. In a closed system the decomposition is complete,since no
N-F compounds are found in the gas phase at long times. In an open
system, the vapors pass into a cold zone where the unreacted free
amine and perchloric acid condense out as INFO-635P. The remaining
gaseous products are compesed mainly of SiFa (HF), COs, N2Fs, NoFpz,
and Nz0. ’ ‘

(¢) Solid phase-decomposition is very slow at-temperatures less
than 180°C. in a vacuum system. The solid reaction may be induced =
by either increasing the pressure or the temperature of the reaction.
The proton transfer step still occurs. Thewfiree amine can still be
transferred into the vapor phase, but the perchloric acid, which
appears to have a lower vapor pressure than the free amine, tends
to rzmain behind. It is believed that this perchlorate increases
the rate of reaction. Tkese reactions are shown below:

+ - r :
—_— 5 B
(NF2)3000H20H2NH301Q4 = (NFg)scocchHzNHZ(ad)'+ HC104( ,4) (1)

47—
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(NF2) sCOCHaCHNHz (5q) —2> ~(1F2) aCOCHCHNHz(g) - (2)
g - ) 7 s
. v g v
‘Gas, Solid Products. 1‘Gas Eroducts
HC104( .4 T2 > mHC1os(g) (3)
o Le
| - q
Gas, Solid Products Gas Prodqus

, . _
HC10.(g) + (NFa) sCOCHCHNHo(g). —Z> {NPa)sCOCH2CHzNH3C104(s) (4)

The gaseous and solid products produced complicate the overall
mechanism very rapidly. However, the relative rates may té crdered
irto a general outline. The iritial conditions are a vacvum and a
-temperature of 170°C. Then: rp<<ri>rs; rs, I's, I7 are & function
of the experimental parameters, but generally r+>rs, Is; rag<<rs;
and rg<<r.. If the reaction conditions are changed to increase the
overall reaction rate, Shen the relative rates have changed; the
most probable and important change being rg>ri.

B. POLY FA-EDE (U)’

1. Hot Stage Microscopr (U)

" (U) TWhen prepared by the "foaming" procedure recommended by
Esso, poly FA-BDE appeared similar to INFO-635P under the micro-
“scope. No visible changes were roted in the irregularly shaped
particles-when heated under continuous vacuum until about 240°C.
where melting began and decomposition was indicated by bubble
formation. At 245°C. only a pale yellow liquid remained-in the
observation dish. When the heating was continued, a brittle
amber film was formed. At room temperature this £ilm was found
to be finsoluble in 211 solvents tried, Suggesting that the decom-
~-positicn yielded a highly crosslinked polymer. ’

2. Thermogravimetric Analysis (TGA) (U)

. (D) A TGA experiment run under contiruous vacuum at a heating
rate of 2°C./mit. indicated that the rate of weigh{ loss was greatest
beginnikg at 190°C., although the rate was already substantial at -
about 160°C. . At approximately 220°C. the rate slowed markedly. The
overall weight loss curve then leveled at about 95 percent near
500°C. where the heating was discontinued. Although not analyzed,
the residue appeared to have been reduced to carbon only.

18- y

'CONFIDENTAL



( (U) An apparent-activation energy of 46 kilocalories for on-
-get‘of thermal decomposition was obtained from a set of TGA ex- .
periments. To obtain this value, experiments-were run under a

. continuous vacuum which removed the decomposition gases as they

. were formed, minimizing the secondary reactions. From the rates

"’ Of weight loss taken early in decompositions at 1i55°, 160°, 165°,
©170°, and 180°C., the Arrhenius plot shown in Figure 20 was con-
structed. When an aciivation energy is caltulated in this manner,
no particuiar reaction order is: implied, but the energy so cb-
tained should approximate that necessary for the onset of degrada-
tion.. :

3. Mass Spectroscopy (U)

. (U) The experiments which were made using the sensitive method
of mass thermal analysis (MTA): indicated that break-up of the

" polymer occurred at least as early as 130°C. and that the degrada-
tion consisted of two major phases. The first phase had its max-
imum rate at about 220°C., corresponding to the melting observed

in the hot stage microscopy. The first phase left an amber

residue which then slowly decomposed at higher temperatures. The
MTA experimental work considered only the first phase.

B} (¢) PFigure 21 shows the type of data obtained by method of
MTA. *The experiments on poly FA-BDE at different heating rafes
indicated that during the early decomposition the peaks of great-
est intensity in every case were those due to NFT and NF2+. Plots
similar “> those in Figure 21 were made for the other important
peaks in the mass spectra. In these spectra, the largest peaks
observed were at M/e .20,.28, 33,: 47, 52, 61, 66, 80. Peaks of
iower intensity were 42, 43, 53, 71 and 85. ILarger fragments
were observed in many spectra, but these occurred after the decom-
position was beyond: the very ear ly stage. The most frequently
occurring of the larger fragments were M/e 117, 132, 136, 149, 153
and 155. : . ) . .

(¢) 'Using the high resolution mass spectrometer and working
at 135°C., most of the intense peaks in the MTA :spectra were iden-
tified. Théy are shown in Table XVII together with their approx- .
imate relative amounts at 13%5°C. Although M/e 53 was not measured,
the assignment of HNF> to this mass is reasonable when it is con-
sidered that mass 3%, which is -in*the cracking pattern of HNFp,
is present in the right amount in the MTA spectra. NF5+ was
assigned to M/e 71 since NFs does have a sizéable parent peak and-
was found to be one of the major gaseous products in the slow
thermal decompositions to be ‘described. NoFat was assigned to
M/e 85 as a mass cracking fragment from NpF. which is alsc-a known
gaseous product of the early phase of degradation. Mass 85 cannot -
‘be attributéed to SiFa+ since the high resolution decompositions
were performed in a stainless steel capillary.-
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PEAK HEIGHTS | e
(ARBITRARY SCALE) | MTA EXPERIMENT
nl DISCONTINUED AT
] i 260°C LEAVING
NFm l AMBER RESIDUE

V-217

TEMPERATURE, °C
NI 2 T S A

300 340

(U} Fig. 21 - Illustrative Data from MTA Experlme"lt

at a Heat Rate of 2°C./min.
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~ Table XVIT

(U) Fragment Tdentification from Poly FA-BDE Using High
Resolution donsolidated 110 Mass Spectrometer as 135°C.

Mﬁg Arsignwent ﬁpprox. Rel. AmT. )
29 B HF+ - T - -
Z37 . NF - 200
52 - NP2 C ~300
61 CONF' 38
66 cors’ 20
30 CONFaT 50
28 P ) 100
cot : S1%
u7 cor” - ‘ 200
N2F 50
32 C2H20T 12
NCO 2
13 © CoHe0" 10
mico™ 2
ny " coat 25 -

Also: M/e 53, 71, 85 (not Eeasureg)
Attributed to: HNFa , NFs , NaFa

(C) . The appearance of MWe 28 {mainiy N» but with some co),
concomitant with NF and NFs and in the amount indicated by the
_ high resolution and MIA specira, means that secondary decomposition
: reactions had already taken place in+the‘matr’ of the polymer
sample. Further, since the ions NoF and NzFs were seen, it
implies that NzF. was made prior to the electron beam. This can
be concluded because ig the mass spectral cracking patterns of
lmown NF compounds N2F  and NoF3  only appeared from compounds
which already contained the nitrogen-nitrogen bond.

(¢) Therefore, in spite of the high vacuum conditions which
were obtained in the mass spectroscopic work, and the positioning
of the tiny samples within a few millimeters of the ionizing beam,
secondary reactions still occurred. Thus, it does not appear pos-—
sible to single out with absolute assurance the first thermal frag-
-ment by the MIA method as it was performed. On the other "hand, a
reasonable grgument can be made for.the postulation that large
quantities of NFz are formed as an initial step in the desccmposition
of poly FaA-BDE. '

-52-
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+2-(C) The rélative preponderance Qfo/é 52 and 33 in all mass

" : spectra and the absence of:large fragments in the “early stage of
o decomposition implies that NFz comes directly irom the polymer-

and not from the mass cracking of larger fragments. Apparently,
a large portion of the difluorcamino radicals formed: proceed di-
_rectly intc the ilonizing beam and appear as NFz" and Np*. Other
-NF»> radicals formed in-the polymer matrix urdergo recombination
and secondary reactions, yielding compounds such as NoFs, Nz, CO,
HNF2, and HF. - RO - : . '

~ .(c) In the.slow thermal decompositions.to -be described.later,
it was found that another early gaseous product was NaoFz. If this
compcund” were to get into the lonizing beam without undergoing re-
action or decomposition tg fluorine and nitrogen it would appear
.. in the mass spectra as NF. Therefore, some of the M/e 33 ap-
~:pearing in the MTA spectra comes from this source in addition to
the mass cracking of ~NFz.

~ (€) The NF2T and Npt in 'he mass spectra cannot be explained
by mass cracking of NoF4 only: . Nor can the NoT be explsined in
this manner. Por the amounts of NFz and NP observed, the parent:
peak,'N2F4+, would easily have been observed, but was not. Simi-
larly, if:the N»T observed came from XzFs, then NzFs' (M/e 10%)
shouid. again have shown up strongly. Therefore, it would appear
‘that nitrogen came from sSeccndary reactions and NF-1 and NF™ mainly
. From ionization and cracking of difluorcamino free radicals.

(C) - The MTA work also gave &z’ indication of the order in which |
- early products appeared as judged by their spectral intensity. Oh
this basis, HF seemed %to be.formed slightly before ENFp and COF5,
‘and NFs and COp appeared to follow all three of thése. This in-
terpretation is not conclusive since an unmeasured factor is that

of the relative: semsitivity of the spectrometer towards these
‘particular masses and the dynamic nature of samples undergoing
decomposition. The: more. important conclusion is that these com-
_pounds were identified as gaseous products of the early stage of
decomposition: B ' R

(C) Although CO2 (M/e 44) was observed:-almost immediately in

the MTA experiments, its peak height remained low relative to
. others in the spectrum until the decomposition was well advanced .
“and the relative amounts of NFp and N¥ decreased substantially.
At this time, CQz made a substantial contribution to the total ion

"". eurrent.

" _(C) ° Throughout the degradation of poly FA-BLE in the MTA method,
small amounts of 02H30+ and 02320+ appeared. These are attributed
to fragmentation of the epoxy polymer end groups.

(C) No high resclution identification of the large fragmengs
was possible. However, Mﬁé;i32, which also appears in the mass
cracking pattern of BTU, could be postulated as (NFg)=2COt. The )
occurrence ‘of this would explain the presence of ‘the measured frag-
ment, CONFs¥ and CONF' as well as some of the cot.
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N iSlqw:Thermai'DécompOSition.EXperiments (v

©."% (U) The gaseous products from decompositions made. in the
temperature range 160°-180°C. showed that the ‘degradation of poly
FA-BDE 1s a complex phenomenon. The studies made under: vacuul,
low pressuze of gaseous products, and cumulative pressure of
gaseous prcducts demonstrated the extensiveness of réaction between
early gas products and the solid .substrate. ’ :

(C) When'the decomposition gases were allowed to accumulate
and their total pressure recorded as a function of time, sigmoid-
type curves, shown in Figure 22, were obtained. Decompositions
made in This manner produced weight losses of 70-75 percent if
terminated when the decomposition curve reached its plateau. The
residues from these experiments were amber, insoluble in common
organic selvents, and had the fairly consistent composition shown
in Table XVITII. Infrared examination of these residues indicated
a structure very similar to carbon-fluorine polymers. By infrared
‘analysis the hydrogén remaining was found to be bonded to carbon
and the oxygen was present as ether and carbonyl linkages. The
"Pinal" gas products were identified as HF, Nz, NFs, COp, compounds

- of the type CxHyFz (chiefly CPF4), and small amounts of N0 and COFz.
-A completely satisfactory mass balance was not cbtained because of
the difficulty ir determining the exact amount of HF formed. The
best final gas product analysis is shown in Table XIX. . B

Table XVIII

(U) ZElementsal Analysis on Decomposition Residue

. Percéﬁt . Percent of Sample
E}ément Composition . _Lost to Vapor
\ c 31.6 = 0.2 44.8

E 2.28 £ 0.25 50

N 10.17 £ 0.11 - . 8k.7

by 38.1 ‘% O.é 79.0

0 17.8 - 53.3

: (c) The low pressure and -vacuum decomposition experiments
showed that the early gas products were No, NoFz) NoF4, HF, HNFjo,
‘N0, NFs, €0, and COFz. Of these, only Nz, NF3 and HF were found
"in the "final" gas products to any significant extent.” Thus, the
others can be: considered "stable intermediates" and are converted
to the final products via secondary reactions with the solid sub-
strate (or other gases). < ‘ , ) : ‘
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Table XiX

(¢) Final Gas Products at 175°C.

Compound Percentage
N 30.1
Nz0 0.8
COz . 15.85
CP. 3.75
NP3 1L.90
HF 3.6

(¢) Extensive formation of nitrogen was.observed even from a
zas sample taken 15 minutes after immersion of the monel reactor -
into the heating bath. Thus, the degradation was already at an
sdvanced stage in at least a portion of the poly FA-BDE.

(C) The extensiveness of secondary reactlons in decompositions
of poly FA-BDE was demonstrated in an experiment in which samples
were decomposed for increasing intervals at 175°C. while a con-
tinous vacuum was applied. After ol nours, a weight loss of only
26 percent was incurred as compared to about 70 percent when the
gases were allowed to accumulate and react with the solid. Further-
more, the elemental analysis on the residue, shown in Table XX, was
considerably different from that reported earlier. These results
ashow that under the continuous vacuum conditions sécondary  reactions
were substantially reduced,and that most of the. weight loss probably
came from the group -O0-C{NF2)s-: REER :

Table XX

(¢) Residue AnalySié from Vacuum becomposition

Percent of Orig.

. "Percent 'Sample Lost to
Element in Residue Vapor State

¢ 19.95 10

E L 1.7 ‘ v <8

N 17 : 34.5
i 4.5 31.2
0 . 12.7 13.1

' (Diff.) ’
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(¢c) It was found that the foregoing residue consisted of
Freon-soluble and -insoluble portions and NMR and infrared analyses
of the soluble portion indicated that it was mainly undecomposed
poly FA-BDE. However, the insoluble fraction was still slightly
shock sensitive and slightly active to KI solution which suggested
a partially decomposed sbtate. Table XXI shows the results of ele-
mental analyses on the Freon-soluble and -insoluble fractions to-
gether with that calculated for the original poly FA-BDE. Included
in the data is the "active fluorine" analysis for all three materials
as determined by the titration of iodine 1iberated from sodium
jodide in acetone solution. These data provide further justifica- .
tion for the assumption that the Freon-soluble fraction is propor-
tional to the undecomposed poly FA-BDE. g

Table XXT

(U) Analytical Data on Freon 113-3oluble and -Insoluble
Fractions rrom Poly FA~-BDE Decomposition

Original Freon-3oluble Freon-Insoluble

Element Poly FA-BDE Fraction Fraction
Carbon 16.4 cale. . 16.8 20.5
Hydrogen 1.35 cale. , 1.4 1.72
Nitrogen 19.2 calc. . 20.4 16.4
Fluorine v i

(total) 52.1 calc. 50.9 43.9
Active ' '

fluorined 33.0 7 36.1 . 25.8

agy titration of iodine liberated from sodium jodide in acetone
solution.

(U) On this basis, experiments were carried out at four dif-
ferent temperatures. At each temperature, samples of partially
decomposed poly FA-BDE wére removed at intervals from the constant
temperature bath and the Freon-soluble portion separated. The
results of these experiments are plotted in Figure 23 as percent
of original sample weight that was Freon-soluble at.the indicated.
. time intervals. As in the case of the pressure-time data mentioned
earlier, these data did not follow a first order plot and attempts
to fit the data to an eguation failed. Initial decomposition rates
were applied to an Arrhenius plot to obtain a value for. the aeti-
yation energy. The result, 46.9 kilocalories, shown in Figure o
is in fair agreement with the value obtained by the method of TGA
described earlier. o
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(U) ‘Apparent zctivation energies were also obtained from the
decomposition performed in such a manner that the pressure of de-
composition products did nct exeeed about & millimeters. This was
done by pumping the reactor to zero pressure after sampling for
VPG analysis and then allowing the pressure to bulld up again to a
few millimeters. The process was repeated several times during
the early stages of decomposition at several experimental tempera-
tures. From the krown experimental parameters, the rates of de-
composition were expressed in terms of millimoles of gas evolved.
.A series of average rates, Ti, Tp, " "Tpn Were thus obtalned at
corresponding average times, ti, ta,""-tn, from which the rate of
gas evolution, ro, 2t t=0 was determined by extrapolation. In this
manner, & value of ro was obtained for each experimental temperature.
From the slope of an Arrhenius plot of log ro versus 1/T, an acti-
vation energy of 44.L kilocalories was calculated for onset of de-
composition (Figure 25).

(C) During the course cf the above experimental work, each
sample talen was analyzed by vapor phase chromatography over a
column packed with 30% siloxane on Chromosorb W at 0°C. For the
last experiment in this series, a portable mass spectrometer was
attached to the VPC exit tube to identify and to determine the
order of elution of the various decomposition gases. The spectrom-
eter was used on all five of the samples taken during the course
of this experiment. Examination of the mass spectral datz revealed
that most of the VPC peais were not "pure". With the possible ex-
ception of HNF>, the peaks were composed of at least two, and some-
times, three or four components. This made construction of concen-
tration plots of individual gassous components impossible frem the
sets of data. That portiorn of gas samples taken for VEC analysis
which was non-condensable in a liquid nitrogen trap was the most
abundant fraction as judged by its relative peak height. These
non-condensable portions consisted of nitrogen and undetermined
amounts of CO. Assuming peak heights as an approximate guantitative
measure, this fraction represented zlmost half the total gas pres-
sure throughout most of the thermzl decompositicn studied. .If the
average rate of ror-condensable gas formation is calculated from

- the experimental data and use made of the peak heights obtaired in
the VPC anzlyses, a rate of Np+CO formation at zero time can be
extrapolated for each temperature.  This was done for four tem-
peratures for which the data were complete. The values of ro S0
cbtained are shown on an Arrnenius plot in Figure 26. Considering
the assumption necessary tc make this plot, the apparent activation
energy .cf 49.4 kilocalories calculated-in this was of the same
magnitude as that found by using the rates of total gas evolution.

¢. bis[tris(DIFLUOROAMINO)METHYLJUREA, BTU (cfj

(U) The experimental work on BIU during the year was limited
to the preparation of pure samples to perform MTA, hot stage micro-
scopy and exploratory thermal. decompositions.
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- (U) To insure that the BIU was free of the halocarbon wax
in which it was received, it was found necessary to sublime the
crystals obtained by the recrystallization procedure set forth by
American Cyanamid Company. Neutron activation analysis for chlorine
on BTO recovered by the recrystallization procedure indicated the
presence of chlorine even in samples crystallized =z second time.
If the recrystallized solid was sublimed, however. k= chlorine
content was either barely detectable by this metios. or absent.

(U) In the hot stage work it was founc that,woaen SIU crys-
tals were heated while exposed to the atmosphere, considerable
melting with decomposition due to reaction with the atmosphere
occurred as low as 80°C., leaving an amber residue. On the other
hand, when BIU was heated under contiinuous vacuum, 1t merely
sublimed away, and crystallized again on cooler portions of the
unit.

(¢) As was anticipated, the MTA method proved of limited
value with BTU because of its tendency to sublime. Even at 4o0°C.,
sublimation was substantial enough to obtain a spectral pattern
for BIU. Of thée four runs made, the cracking pattern obtained on
sublimed material at a heating rate of about 3°C. per minute is
Shown in Table XXIT. These data should be considered tentative
because of the possibility that some decomposition might have
oecurred with mass fragments from such break-up of BTU being
superimposed on the BTU, mass cracking pattern. The possibility
that this did occur was increased by an apprarent water absorption
by the sample during handling. This was indicated by sizable peaks
at 17 and 18. In order to be certain of a pure BTU pattern, the
loading of the spectrometer would have to be done in absence of
the atmosphere. In the type of work reported here, a short ex-
posure to the atmosphere was unavoidable. Accepting the data in
Table I with the above reservation, the small fragments in the
Spectrum can be derived from the three largest when these are
formulated as follows: . 2

M/e = 132 M/e = 158 M/e = 168
q q /NFa NF>
: 1 1
‘ A _N= -
: C\ - L—u\ | -(3 NPz
NF2 NF> NF2 NF=

. (¢} The thermal decomposition of pure BTU takes place in the
vapor state after sublimation. This was shown by suddenly in- ’
serting a 3 mg. sample into a chamber at i30°C. A water-cooled
condenser directly above the hot zone condensed the BTU vapor im-
mediately. No decompdsition gases were detected, and the BTU
completely recovered. ~In preliminary experiments, 100 mg. samples
were decomposed at 100°C. and 130°C. in the monel systems. Infrared
analyses of the gaseous products indicated the presencé of HF
_(as SiF.), CF., NFs and Tris-I. Wo further work on this compound
is planned-at the present time. : coT - S
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) Table XXIT

(U) Mass Spectral Pattern Obtained on Subliming
BTU at 52 -57"C.
[+

..

Relative Relative Relative

We Pattern We Pattern We Pattern
12 16 43 3h 70 4
13 : y IS 15 71 4
14 11 45 24 . 73 7-5
15 3 46 58 T4 4
16 9 k7 35 | 78 11
19 6.5 - 50 1k 79 13
20 32 51 19 80 9
26 27 52 0 81
27 17 53 2 83
28 15 54 _ 48 87
29 37 55 4 &8 37
30 7.5 57 2 92 3
31 100.0 59 56 97 2
33 70 60 18 98 10
347 4 61 56 107 - 18
38 2 62 1 108 4.5

39 3 64 30 113 9
no 34 66 3 132 61
43 39 68 20 158 9
42 50 69 - 35 168 9
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SECTTION V.
(U) CONCLUSIONS

A. INFO-635F (U)

-(¢) The thermal decompecsition of INFO-635P is initiated in
the solid phase by a proton transfer forming the adsorbed free
“amine and perchloric acid. Subsequent reaction steps are de-
pendent on the evironment of the solid.

(C) Slow heating in vacuco results in sublimation. The de-
composition continues in the vapor phase until a minimum pressure
1s reached at which point the major pecrtion, if not all of the
decomposition, reverts back into the condensed phase. The Initial
gaseous products from these reactions certainly suggest an endo-
thermic process involving C-NFz bond rupture as an early reactlon.

(C) Rapid heating or decomposition under pressure results
primarily in a solid phase reaction of perchloric acid with the
remaining solid. The lack of NFp compounds in the gas phase in-
dicates a very rapid and highly exothermic process.

(U) The chemical kinetics of the decomposition are believed
to be less important to. the problem cf sensitivity than the
physico-chemical process of proton transfer and desorption. Once
micleation has occurred the reaction proceeds to completion, or
wtil the heating is discontinued.

(C) INFO-635P may possibly be less sensitive if the proton
transfer step in the mechanism could be controlled. This mey be
accomplished in one of two ways: (1) by supplying excess protoms
to reverse the equilibrium step, or (2} by eliminating the proton.
In the first case the addition of aznhydrous per~hiorfic zcid,. or
the synthesis. of the bisulfate salt of the amiie or of 2 double.
salt,may prove successful. The second method zppears tc be more”
promising because eliminating the proton would most likely solve
the problem of sublimation. The synthesis of the quarternary
salt of INFO, (NFz)sCOCH2CH2N(CHs)=C104, may prove to be most
effective in decreasing the sensitivity.

B. POLY FA-BDE (U)

(U) The experimental data obtained during the course of the
experimental program indicated that a complex reaction sequence
must prevaill whéen poly FA-BDE is decomposed. Therefore, the: .
research effort was concentrated on defining the initial step %ndf
- the early stages of the degradation process. .

(C) There is good evidence that the initial step is the
cleavage of one of the carbon-nitrogen bonds of the tris-difluor-

amino group ard the formation of a difluoramino free radical.
The experimental support for this step is as follows:
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(i) In the method of MTA in which high vacuum and milli-
gram -size samples were used , the first mass peaks of any mea-
surable significance were those at.33 and 52. jI—:Ig‘th reso;ution
mass spectroscopy positively measured these as NF and NF,.

(ii) Under the conditions of mass spectroscopy where
secondary reactions were at a minimum, the predominant peaks in
the mass spectra were those due to NFz* and NFT. It is very
doubtful that NF-t arose to any significant extent from the mass
cracking of larger fragments containing the aifluoramino group,
since these fragments were not observed in the ‘early stages of
decomposition. oo

"(i1i) The slow thermal decomposition studies in the monel
reactor showed that NzFs is an early and impoirtant gaseous pro-
duet. The known recombination of difluorocamino free radicals
explains the production of this compound. !

(iv) The activation energies calculated by the independent
methods of TGA, gas evolution, and disappearance of poly FA-EDE
are consistent with a free radical mechanism begun by the break-
ing of a carbon-nitrogen bond.

(v) The data obtalned on the residues and decomposition
gases during the early stages of decomposition indicated that
the weight loss comes from the pendant group [ -CH2-0-C(NF2z) 31,
and chiefly from loss of nitrogen and fluorine.

(U) Not one of the foregoing statements by itself Is con-
vincing evidence that the first step is the cleavage =27 a2 carbon-
nitrogen bond; however, when considered together, they convinc-
ingly support the postulate that this bond rupture rust be the
first step.-

(G} Mechanistlc paths are given which explain the experi-
mentel éztz zns nrovide early exothermic reactions to account
for the sens’ tizity of poly FA-EDE. )

(C}. Goo2 the difluoroamino free radical has been formed,
the decomposiiicr mechanism must be considered not onily from the
standpoint of the possible reactions of -NFa, but also from” thak
of the decomposition of the R- radical formed at the same time. -
Purthermore, a2 postulated mechanism must account for the large
amounts of Nz and HF found in the "final" products. In addition,
to explain the sensitivity of poly FA-BDE, a highly exothermic
reactier should be cne of the early steps. It would be highly
- speculative to postulate a mechanism for. the entire degradation
process. FPoly-FA-BDE has not only a complex molecular configura-
tion, but it is one that decomposes by a process that begins in

-#he solid phase and that reaches its maximum rate in a molten
phase at approximately 220°C. In the molten phase, where greater
mobility is attained, many additional reactions are possible and

_66-

CONFIDENTIAL



CONFIDENTIAL AFRPL-TR-67-60

probably do occur. However, reasonable reaction paths can be
postulated for the early steps in the degradation which explain
the experimental findings within the boundaries of known LF
chemistry.

(C) Postulated mechanisw for early degradative steps:
H H
1 1
£C- C-03n
EoC CHa
] )
(NP3) 3C-0 0-C(iTF2) s

> CHp-0-C(NFz)z + “NF»

‘NF> + -NF>» : NoFa

NP
- . 7
fW\CHZ-O—C(NFz) 2 -+ *NF2 > NFs + CH>-0-C
- AN
- - NPz
Alternately--
- NF
- - '
anaCHz-0-C(NF2) s + -NF2 > NFz =+ =mCHz-0-C(NF2)2
~ A D
NF i
] . &=
e CHo-0-C~-NF 5 >~ CHo-0-C + +NF>
1
’ NF> N \NFZ
Then...
NF NF
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NEF ° + RH

> HF + £g + R- (9)

F- + R- > RF (10)

Also, for the observed diflucrcamine,

RH + -NF>

> R- + HNFp (11)

(¢) 1In addition, when a difluoroamino free radical is not
available at the reaction site to participate in Reaction (3),

NF 2
cHpLOYEC-NF > .tH, + o0=C . (12)
ﬁFa ~ \NFz-
(Perfluorcurea)

(¢) Once formed, perfluorourea would decompose with great
exothermicity, for example, to COFz, Nz and Faz: - ¢

,Nfz .
0=C - ——> COFz + Np + Fo {13)
. ‘ c
NFp

(U) Such a path may indeed be possible in the case of a ,
sample suddenly subjected to iInitiation by a high localized energy.
source such as impact or spark. :

(C) In the foregoing, no conslderation has been giver to the
possibility of reaction between groups on adjacent polymer chains.
The possibility of this occurring during slow thermal decomposition -
is suggested by the formation of a residue which apbears to be a
highly crosslinked -pclymer. Where sterically permitted, such inter-
chain reactions are quite possible theough formation of intermediate
ring system.: The result would be the production of HF and/or NFs
and the conseguent. fermation of a nitrogen-containing bridge from a
..carbon-gtoflm of one pclymer chain to a carbon atom cn an adjacent
chain. The eliminaiion of HF in the process of forming such a bridge

should also result in substantial exothermicity. Although bridge-
“forming reactions might be important in determining the products
obtained in slow taermal decomposition, they are probably of little
consequence in devermining the products of an explosive decomposition.

“ (U) The above mechanistic interpretation of the decomposition

of poly FA-BDE offers little hope for the desensitization of this
- material. . - : :
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SECTTON VI
EXPERIMENTAL

A. PURIFICATION PROCEDURE (U)

1. INFO-GBSP (u)

(U) The INFO-635P was received from Minzssota Mining and
Manufacturing Company as a 10% solution in methanol, and was
purified in the following manner. The methanoi was evaporated
by a stream of dry nitrogen. The dry solid was dissolved in
nitromethane, in the proportion of 0.25 gram of INFO-635P
to 1 cc. of nitromethane. To precipitate solid INFO-635P, ethanol-
free chloroform was added in the proportion of 200 ce. chloroform
to 1 cc. of nitromethane solution. The INFO-635P precipitated as
a pale yellow, flaky sclid. The solid was filtered and dried
under a stream of dry nitrogen.

(U) The dry TNFO-635P was then washed with liberal amounts
of diethyl ether which removed all traces of the yellow color.
The solid was once more dried under a stream of dry nitrogen.
After drying, the INFO-635P was powdered by brushing the solid
lightly over a 60 mesh sieve. This gave a finely granulated,
white powder. The melting point of INFO-635F, purified using
this procedure, is in the range of 221° to 224°C.

2. Bt (U)

(U) The BTU was received from American Cyanamid Company as
a 5% dispersion in a halocarbon wax for safety in shipping and
handling. To remove the wax and prepare the BTU for . .purifica-
tion by sublimation, the procedure recomnended by American Cya-
namid was used. About 25 cc. of n-heptane were added to 4 g.
of the wax dispersion and allowed to stand to dissolve most of
the wax. The resulting slurry was transferred to a centrifuge
tube, centrifuged, and the supernate decanted and discarded after
treatment with agusous potassium lodide zolution. The BTU was
washed with n-heptane three times, twice at-room temperature and
once =t 80°C., ithen centrifuged. The ‘residual heptane was re-

moved Trom the Impure BTU by pumping under reduced pressure.
The Impuee 2P was purified by piacing the impure material ob-

+tained Teom the wax dispersion inte a sublimation unit containing
a coclig rogi v wowered with a platinum foil sheath. The other-
wise all-gimss apperatus was made with a O-ring joint to avecid

 Titrings. Soblimation was performed at 100°C., while the
colé Tinger was k=pt at -60°C. to -50°C. via a flow of methylene
chloride cooled with'dry ice. Depending on specific conditions,
the BP0 soblimmie Tormed either a tightly adherent layer or a
loose: crystal neiwork around the cold finger. .
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3. Poly FA-BDE (U)

(U) The poly FA-BDE used in this program was obtained from
Esso Research and Engineering as a dilute solution in Freon 113.
The spolymsr was separated in one gram quantities as needed ac-
cording to the recovery instructions of J. A. Brown of Esso. The
material was foamed by Tfirst evaporating most of the solvent with
a stream of dry nitrogen and then suddenly exposing the resulting
gummy solid to a good vacuum. Recovery in this manner produced
a foamed material 5 to 10 times the volume of the origlnal gummy
solid. The fragile foam was then carefully broken up into small
pleces and evaculated overnight to insure complete removal of
the solvent. .

B. THERMAL DECOMPOSITION (TU)

(U) The slow thermal decocmpositions were performed in two
all-monel systems, one of which is indicafed schematically in
Figure 27. TFor the experiments on INFO-635P, a 125 cc. monel
Parr bomb was used as the reactor, whereas a 325 cc. bomb was
used for the work on poiy FA-BDE. Both reactors were eguipped
with a 0-30 psia. pressure transducer and a fast response theymo-~
couple. Silicore oil baths were used for heating and both vacuum
systems were comnected directly to vapor phase chromatographs.

(U) Samples of the oxidizers were weighed and placed in
the reactor which was then attached to the vacuum line. After
evacuation to less than 5 microns pressure, the valve on the
reactor was closed to the vacuwn line. Decomposition was started
by raising the previously héeted oil bath so that immersion of
the reactor was complete up to the reactor shut-off valve. The
pressure was recorded continuously and the temperature noted at
intervals.: “

(U) Decompositions were run under different conditions
depending on the information desired. In early work where the
overall progress of the decomposition was being studied, the
product gases were allowed to accumulate above the decomposing
solid and 2 continuous pressure-time curve recorded. The gases
were sampled at intervals, chromatographed, and analyzed by mass
and infrared spectroscopy. Data on the onset and early phases
of decomposition were obtained by limiting the product gas pres-
sure to only a2 few millimeters. In some instances, a continuous

. vacuum was maintained either cryogenically or mechanically. The
gases were then trapped and removed for chromatography and analysils
Tor some work, a portable cycloidal mass spectrometer was con-
rectad o the exit of the chromatograph or directly to the reactor,
for detection and identification purposes. Most of the chromato-
=—aphic seperations were performed using 20--.and 25-foot columns--
pace=d with siloxane on Chromosord W. The separation was usually
Periiormed 2t 0°C. :

...7' 0~
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(U) For the work in which the decomposition of solid poly
FA-BDE was followed, weighed samples were placed into Teflon
cups contained by individual glass vessels and continuously evac-
uated during the experiment. The samples were removed at dif-
ferent time intervals and treated with Freon 113. The welght of
the soluble portion, which gave an infrared pattern identical to
the original poly FA-BDE, was taken as a measure of undecomposed
poly FA-BDE. -

C. MASS SPECTROMETRIC METHODS (U)

(U) The work using the method of mass spectroscopic thermal
analysis (MTA) was done at the Eastern Laboratory of The Dow
Chemical Company. A 1-2 m&. sample of material was. pressed into
one end of a tiny capillary 5 mm. long, which was then placed on
top of a hollow monel probe ©.070 inch in dizmeter in the tip of
which was a thermocouple. A miniature furnace was positioned
around this unit, the final assembly being within about 2 mm. of
the ionizing beam of a Bendix time-of-flight mass spectrometer.
An ionizing voltage of 100 e.v. was used and the spectra recorded
on 2 Visicorder at a chart speed of 25 inches per minute. The
chamber of the mass spectrometer was initially at 1077 Torr.

(U) The high resolution mass spectroscopy on INFO-535P and
poly FA-BDE was done using a Consolidated 110 spectrometer. For
this work, approximately 5 mg. samples were charged into one end
of a passivated sbainless steel capillary. The sample was then
decomposed within a few millimeters of the jonizing beam by means
of the heated probe of the mass spectrometer. Measurements of
masses were: made within 1 part in 20,000 for identification pur-
poses. : \ ‘

A SUPPLEMENTAL TECHNIQUES (U)

(U) The hot stage microscopy was performed with a Kofler
micro hot stage in conjunction with an American Optical micro-
scope. All observations were macde at a magnification of 100X.

(U) Differential thermal analyses were run on a duPont 900
Differential Thermal Analyzer and the weight loss determinations

made in a quartz spring thermobalance constructed at The Dow
Chemical Company.
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